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We calculate the efficiency of infrared optical spin injection in single-layer graphene with Rashba
spin-orbit coupling and for in-plane magnetic field. The injection rate in the photon frequency range
corresponding to the Rashba splitting is shown to be proportional to the ratio of the Zeeman and
Rashba splittings. As a result, large spin polarization can be controllably achieved for experimentally
available values of the spin-orbit coupling and in magnetic fields below 10 Tesla.
PACS numbers: 72.25.Fe, 78.67.Wj, 81.05.ue, 85.75.-d
I. INTRODUCTION
Graphene – a two-dimensional hexagonal lattice of car-
bon atoms – was discovered about eight years ago1–3
and is now one of the most promising materials for fu-
ture nanoelectronics. The high application potential of
this novel material is associated with some peculiari-
ties of its electronic and phonon transport properties4
as well as with its outstanding mechanical5,6 and optical
properties7. Optoelectronic properties of graphene are
also very promising for applications8. Moreover, owing
to a very long spin relaxation time, which is expected
due to a very weak spin-orbit interaction, graphene is
also attractive for applications in spin electronics (see,
e.g., Ref. [9]).
However, to utilize the outstanding properties of
graphene for spin-dependent transport, one needs to
have a reliable method of controllable spin injection
and spin manipulation. The possibility of a relatively
strong Rashba spin-orbit coupling has been reported in
Refs. [10,11] for graphene deposited on a Ni (or Ni/Au)
substrate. Such a strong spin-orbit coupling formally en-
ables spin manipulation in graphene. However, even in
the absence of a substrate leading to strong spin-orbit
coupling, experiments report spin relaxation time on the
timescale of the order of or less than one nanosecond12–14,
which makes applications of graphene in spin electron-
ics rather difficult. In all the experiments aimed at the
measurements of spin relaxation time, spins are injected
en masse from a ferromagnetic contact giving rise to
some charge/spin density distribution, which influences
its subsequent dynamics. Several theoretical approaches
(see for example Refs. [15–19]) have been proposed to
describe spin relaxation. However, most of them demon-
strated spin relaxation time much longer than that ob-
served experimentally.
There are several experimental techniques which can
be used to manipulate and control electron spin in
graphene. For example, spin current and spin density
in graphene nanodisks can be manipulated by varying
length of the corresponding zigzag edge20. Quantum
pumping of Dirac fermions and spin current in a mono-
layer graphene in perpendicular magnetic field, with the
gate voltage as a control parameter, has been proposed
in Ref. [21]. Furthermore, the method of spin current
generation in a monolayer graphene through adiabatic
quantum pumping by two oscillating in time potentials
has been described in Refs. [22,23] and for the bilayer
graphene in Ref. [24].
It is well-known that spin-orbit coupling can lead to a
direct optical spin injection - the technique extensively
used in the physics of semiconductors25. For graphene,
the spin-orbit coupling influences the optical response in
the infrared frequency range26. In this paper we con-
sider the infrared optical spin injection in a single-layer
graphene by linearly polarized light. The graphene is as-
sumed to be deposited on a substrate which leads to the
Rashba spin-orbit coupling. Due to this interaction, the
electronic spectrum of graphene near the Dirac points
splits into four bands with parabolic dependence on the
electron momentum at small wave vectors and linear dis-
persion at large wave vectors27. Splitting of the sub-
bands is determined by the spin-orbit coupling strength.
We show that optical spin injection becomes allowed in
the presence of an external magnetic field, and the injec-
tion efficiency is of the order of the ratio of the Zeeman
splitting and the spin-orbit coupling matrix element. By
modifying the infrared light frequency, one can change
the absorption region in the momentum space, and thus
control the spin injection.
In Sec. 2 we derive some general formula for optical
spin injection efficiency in graphene. Numerical results
on spin injection rate are presented and described in
Sec. 3. Summary and final conclusions are in Sec. 4.
2II. SPIN INJECTION RATE AND EFFICIENCY
We assume an external magnetic fieldB oriented in the
graphene plane. Hamiltonian describing the low energy
electron excitations near the Dirac point K in graphene
with the Rashba spin-orbit interaction takes then the
form28
Hˆ = v(τ · k) + g(B · σ) + λ(τxσy − τyσx), (1)
where g = gLµB/2, λ = α/2 with α being the cou-
pling constant of Rashba spin-orbit interaction,27 and
gL is the Lande´ factor. The matrices τ and σ are the
Pauli matrices in the sublattice and spin space, respec-
tively. The third term of the above Hamiltonian stands
for the Rashba spin-orbit coupling induced by the sub-
strate. Note, the first term is diagonal in the spin space
and for abbreviation the corresponding unit matrix is not
written explicitly. Similarly, the second term is diagonal
in the sublattice space and the corresponding unit matrix
is not written explicitly, too.
Electronic spectrum corresponding to the Hamiltonian
(1) consists of four energy bands. In the limit of weak
magnetic field, gB/λ→ 0, this spectrum is described by
the formulas
E
(0)
nk = ±λ± (λ2 + v2k2)1/2, (2)
with all possible combination of the + and − signs, and
the index n labeling the bands in the order of increasing
energy (see Fig. 1).
As in the usual two-dimensional electron gas with
Rashba spin-orbit interaction, the expectation value of
the spin z-component in eigenstates of Hamiltonian (1)
for B = 0 is equal to zero. However, unlike to the two-
dimensional electron gas, the expectation value of the in-
plane spin depends on the wave vector and is relatively
small for low-energy electron states. Indeed, the expec-
tation value, 〈Ψ(0)nk |σ|Ψ(0)nk〉, of electron spin in the state
Ψ
(0)
nk for B = 0 is given by
27
s ≡ 〈Ψ(0)nk |σ|Ψ(0)nk〉 =
ξv (k× zˆ)√
λ2 + v2k2
, (3)
where ξ = ±1 is the band index, ξ = 1 for n = 2, 3 and
ξ = −1 for n = 1, 4 (cf. Ref. [27]). Thus, when vk ≪ λ,
the expectation value of spin is small, |s| ≪ 1. Moreover,
the spins are perpendicular to the wave vectors, similarly
as in two-dimensional electron gas. We note that the
upper index (0) at the eigenfunctions and eigenenergies
indicates they are for B = 0.
In the following, we take the in-plane magnetic field B
along the x-axis and assume it is rather weak, gB/λ≪ 1.
The former assumptions justifies the absence of Landau
quantization, while the latter condition assures that the
band dispersion is only weakly perturbed by the static
magnetic field, and the resulting spin injection is linear
in the applied magnetic field B. The four-band struc-
ture is presented in Fig. 1, which also shows the assumed
position of the Fermi level µ.
FIG. 1: (Color online). Band structure of graphene with a
Rashba spin-orbit interaction in the gB/λ ≪ 1 limit. Ar-
rows show the k-dependent orientation of electron spins in
the eigenstates of the Hamiltonian. Here we consider only
the vicinity of the K Dirac point, taking into account that
the other valley gives exactly the same result for light absorp-
tion and spin injection.
Taking into account the first term of Eq. (1), Hamilto-
nian describing interaction of graphene with an external
periodic electromagnetic field A(t) = A0e
−iωt can be
written as
HˆA = −ev
~c
(τ ·A). (4)
This periodic perturbation leads to electron transitions
between the bands shown in Fig. 1. The spin states of
electrons involved in the transitions are then modified
accordingly. Without loss of generality, we assume in the
following that the electromagnetic field is oriented along
the y-axis, A0 = (0, A0, 0).
The total absorption rate of photons can be calculated
as the sum of all allowed transitions,
I(ω) =
∑
nn′
In→n
′
(ω), (5)
where In→n
′
(ω) corresponds to the absorption associated
with the transitions of electrons from the subband n to
the subband n′, which can be calculated from the Fermi
golden rule as
In→n
′
(ω) =
2pi
~
∫
d2k
(2pi)2
∣∣∣〈Ψnk|HˆA|Ψn′k〉∣∣∣2
×δ(Enk + ~ω − En′k) f(Enk) [1− f(En′k)]. (6)
Here, Ψnk and Enk are the eigenfunctions and eigen-
values of the total Hamiltonian (1), and f(Enk) is the
corresponding Fermi distribution function.
It is convenient to introduce an independent of the
system parameter I0, defined as
I0 =
ω
4
( e
~c
)2
A20, (7)
3and rewrite Eq. (5) as
I(ω) = I0
∑
nn′
I˜n→n
′
(ω) ≡ I0I˜(ω), (8)
with the system-dependent functions I˜n→n
′
(ω). Since A20
in Eq. (7) is related to the incident flux q of y-polarized
photons by the formula A20 = 4pi~cq/ω, Eq. (7) can be
presented in the form
I0 =
pie2
~c
q. (9)
The ratio I0/q = pie
2/~c corresponds to the absorp-
tion coefficient of graphene without Rashba spin-orbit
coupling.3,29,30 In the limit of large frequency, ~ω ≫ λ,
the absorption rate (8) is constant and does not de-
pend on frequency, like in the case of graphene with zero
Rashba coupling, I(ω) → I0. Thus, I˜(ω) can be consid-
ered as a ratio of absorption coefficients for graphene with
Rashba spin-orbit interaction and of graphene without
Rashba interaction. In other words, I˜(ω) is the absorp-
tion coefficient normalized to that for graphene without
Rashba interaction.
Now, let us define the spin injection rate for the i-th
component of the spin density. Following Eq. (6), we
write
Jn→n
′
i (ω) =
2pi
~
∫
d2k
(2pi)2
∣∣∣〈Ψnk|HˆA|Ψn′k〉∣∣∣2
× (〈Ψn′k|σi|Ψn′k〉 − 〈Ψnk|σi|Ψnk〉)
×δ(Enk + ~ω − En′k)f(Enk) [1− f(En′k)]. (10)
Similarly to the case of absorption, we introduce the total
spin injection rate as Ji(ω) =
∑
n,n′ J
n→n′
i (ω) and write
Ji(ω) = I0J˜i(ω) and J
n→n′
i (ω) = I0J˜
n→n′
i (ω). Thus,
J˜i(ω) and J˜
n→n′
i (ω) can be considered as normalized to
I0 spin injection rates. Before discussing numerical re-
sults based on the above formula, let us discuss briefly
physical origin of the spin injection.
In the absence of magnetic field, symmetry of the ma-
trix elements and spin expectation values (as shown in
Fig. 1) as well as the independence of energy Enk on the
momentum orientation lead to zero spin injection rate, as
required by the time-reversal symmetry. In an in-plane
magnetic field, in turn, each subband is shifted in en-
ergy, Enk − E(0)nk = g
(
〈Ψ(0)nk |σ|Ψ(0)nk〉 ·B
)
. As a result,
the lines of energy conservation, Enk + ~ω − En′k = 0,
for the transitions changing the electron spin, such as
1 → 3 and 2 → 4, are not simple circles anymore and
acquire a distortion of the order of (gB/λ) cosϕ, where
ϕ is the angle between k and the x-axis. In addition,
the 4-component wave functions are modified in the first
order perturbation as
Ψnk −Ψ(0)nk = g
∑
n′
〈
Ψ
(0)
n′k
∣∣∣ (σ ·B) ∣∣∣Ψ(0)nk〉
E
(0)
nk − E(0)n′k
Ψ
(0)
n′ . (11)
Accordingly, expectation values of the spin components
〈Ψnk|σi|Ψnk〉 and of the interband matrix elements
〈Ψnk|HˆA|Ψn′k〉 acquire first-order modification in the ap-
plied magnetic field, which results in a nonzero spin in-
jection.
III. INFRARED ABSORPTION AND SPIN
INJECTION: NUMERICAL RESULTS
Now we present some numerical results on the absorp-
tion of linearly polarized light and the associated spin
injection. In our calculations we assumed the tempera-
ture T = 1 K.
FIG. 2: (Color online). (a) The normalized absorption coef-
ficients corresponding to indicated interband transitions, cal-
culated for α = 2λ = 13 meV. (b) The total normalized ab-
sorption coefficient for two different values of the Rashba spin-
orbit parameter, as indicated. Both figures are calculated for
magnetic field B = 5 T and for the chemical potential µ = 5
meV.
Let us begin with the normalized absorption coeffi-
cients presented in Fig. 2 as a function of the frequency
ω. Figure 2a shows the normalized absorption coeffi-
cients for individual inter-band transitions, while Fig. 2b
shows the total normalized absorption coefficient for two
different values of the Rashba parameter α. In the lat-
ter case, the thin solid line corresponds to the absorption
4coefficient in the absence of Rashba coupling.
As one can see in Fig. 2, the spin-orbit coupling
strongly modifies the absorption, in agreement with the
results of Ref. [26]. The frequency threshold for the inter-
band transitions is determined by the Pauli blocking and
also depends on the chemical potential µ and the spin-
orbit splitting 2λ. In the case considered here, µ < 2λ,
the transitions of highest frequency occur between the
n = 1 and n′ = 4 bands and start at the K-point with
zero matrix element. At high frequencies, ~ω ≫ λ, the
total absorption coefficient approaches that for a pure
single-layer graphene without spin-orbit coupling.
FIG. 3: (Color online). (a) The total injection rate for the
spin component σx in a magnetic field of B = 5 T parallel to
the x-axis and external electromagnetic field polarized along
the y-axis. The dashed green (solid red) line corresponds to
the coupling constant α = 2λ = 13 meV (α = 2λ = 5 meV).
All results are for the chemical potential µ = 5 meV. (b) Spin
injection efficiency for spin change per absorbed photon for
the same parameters and injection geometry.
Let us consider now numerical results on spin injection
shown in Fig. 3 for the magnetic field B = 5 T, which cor-
responds to the Zeeman splitting 2gB of approximately
0.6 meV. We show there only the injection rate for the
spin x-component, and for clarity we simplified there the
notation by omitting the index i, J˜x(ω) ≡ J˜(ω). Fig-
ure 3a shows the total normalized spin injection rate as
a function of frequency for two different values of the
Rashba coupling parameter. The dependence of the spin
injection rate on the light frequency is rather complicated
due to several interband transitions involved and com-
plex dependence of the matrix elements on the transition
frequency. For the spin-conserving transitions between
the states characterized by the same ξ in Eq. (3), such
as 1 → 4 and 2 → 3, the main contribution to the spin
injection comes from changes in the expectation values
of 〈Ψnk|σ|Ψnk〉, while for the other transitions all the
changes in the system make comparable contributions.
Note, the spin injected is opposite to the magnetic field.
The spin injection efficiency can be defined as the av-
erage spin injected by a single photon. This efficiency
is given by |J˜ω)/I˜(ω)|, and is shown in Fig. 3b for the
same Rashba parameters as in Fig. 3a. As one can see in
Fig. 3b, the efficiency can reach 0.2 per incident photon.
In general, the injection rate is of the order of gB/λ, and
can be manipulated by changing the photon frequency
in the range of the order of λ. Since the transitions are
rather complicated, the ratio gB/λ should be considered
as an order-of-magnitude estimate only.
Similar spin injection, though considerably weaker, can
be obtained for the electric field along the magnetic field,
i.e. along the x-axis.
IV. SUMMARY AND CONCLUSIONS
We have considered theoretically spin injection in
single-layer graphene in the presence of Rashba spin-orbit
coupling and in-plane external magnetic field. We have
found that the spin injection is efficient at frequencies of
the order of spin-orbit band splitting, with the efficiency
being of the order of the ratio of Zeeman and Rashba
splittings.
For experimentally achievable parameters of the spin-
orbit coupling and magnetic field, the injection efficiency
can achieve 0.2 per absorbed photon. This result shows
that optical spin injection opens a way for a controllable
and efficient method of spin density and spin current gen-
eration in graphene, not requiring presence of any ferro-
magnetic contact.
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